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Direct Quantitation of Right and Left Ventricular Volumes With
Nuclear Magnetic Resonance Imaging in Patients With Primary
Pulmonary Hypertension
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FERENC P
. CZEGLEDY, MD, ROBYN J . BARST, MD, FACC
New York, No,,' York
To test the utility of eleetrocardiographically gated spin echo
nuclear magnetic resonance (NMR) imaging in quantitating right
and left ventricular volumes and function in patients with primary
pulmonary hypertension, right and left ventricular end-diastolic
and end-systolic volumes, stroke volumes and ejection fractions
were determined in 11 patients with primary pulmonary hyper-
tension and in 10 subjects with normal echocardiographic find-
ings. Ventricular chamber volumes were computed by summing
the ventricular chamber volumes of each NMR slice at end-
diastole and end-systole. This technique was verified by compar-
ison of results obtained by this method and with the water
displacement volumes of eight water-filled latex balloons and
ventricular casts of eight excised bovine hearts.
In the patients with primary pulmonary hypertension, right
ventricular volume indexes were 121 3 45 ml/m 2 at end-diastole
and 70 .1 ± 41.6 mllm2 at end-systole ; both values were signifi-
cantly greater than values In the normal subjects (67.9 ± 13.4 and
27.9 m 7.5 mbma, respectively) . Left ventricular end-diastolic
volume index was significantly less in the patients (44 .9
A major objective in the clinical investigation of patients
with heart failure is the quantitation of their cardiac function .
Traditionally, ventricular performance has been evaluated
by measurement of cardiac chamber pressure and blood flow
(cardiac output) . The development of invasive and noninva-
sive methods of imaging the heart has provided a means of
estimating ventricular volume by dimensional analysis of
images of the cardiac chambers . Thus, the estimation of
ventricular volume at end-diastole and end-systole and the
corresponding ejection fraction is a standard technique for
assessing ventricular function (1) .
Quantitative biplane left ventricular cineangiography pro-
vides an accurate means of estimating left ventricular vol-
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9.7 ml/ma) than in the normal subjects (68.9 ± 13.1 mtma) . There
was no significant difference in left ventricularend-systolic volume
between the two groups (24 .4 t 8.6 and 27.1 t 7.8 mVma,
respectively) . Right and left ventricular ejection fractions in the
patients with primary pulmonary hypertension (0 .43 ± 0.21 and
0.46 ± 0.15, respectively) were significantly less than values in
normal subjects (0 .59 ± 0 .09 and 0 .6 ± 0.11, respectively) .
The ratio of right to left ventricular stroke volume indexes was
0.97 ± 0 .1 in the normal subjects, not significantly different from
the expected value of l . In the patients with primary pulmonary
hypertension, this ratio was significantly greater (3 .17 ± 2.3), in
part reflecting the presence of tricuspid regurgitation In these
patients
. Intra . and interobserver errors in the computation of
ventricular volumes were low but were greater In patients with
primary pulmonary hypertension . Nuclear magnetic resonance
imaging provides a means of ventricular volume determination in
the normal and failing ventricle .
(!
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ume (2,3). Quantitation of left ventricular end-diastolic and
end-systolic volumes, as well as derived computation of
stroke volume and ejection fraction, provides a means of
estimating left ventricular function (4,5).
Right ventricular volume determination is more prob-
lematic because of the complex anatomy of the right ventri-
cle, as well as the unpredictability of changes in its dimen-
sions under pathologic conditions . Whereas the left ventricle
may be modeled as a prolate ellipsoid (6) with orthogonal
long and short axes (both of which shorten during ventricular
systole), the right ventricle is crescentic in shape, wrapping
itself around the left ventricle ; the right ventricular sinus is
separated from the outflow tract, and the chamber contracts
in an asymmetric manner .
Despite the growing awareness of the significance of right
ventricular dysfunction, volumetric evaluation of this car-
diac chamber has been hindered by the difficulties encoun-
tered trying to adapt geometric models of the left ventricle to
the complex geometry and unique pattern of contraction of
the right ventricle (7-1l) . Performance of conventional con-
trast cineventricuiography in patients with primary pulmo-
0735-109719t/55 .00
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nary hypertension or right ventricular dysfunction second-
ary to pulmonary hypertension carries significant risk to the
patient (12,13). The accuracy of right ventricular volume
measurement based on any geometric assumption deterio-
rates as right ventricular failure increases because of the
increasing distortion of the ventricular cavity and its vari-
ance from the assumed geometry of an idealized right
ventricular model. Furthermore, estimation of right ventric-
ular function based on evaluation of right ventricular ejec-
tion fraction may be inaccurate in the setting of significant
tricuspid or pulmonary regurgitation, or both, in patients
with pulmonary hypertension (14) .
Nuclear magnetic resonance (NMR) imaging is a nonin-
vasive technique that provides a series of anatomic slices of
the heart at multiple phases of the cardiac cycle, thus
providing a substrate for volumetric analysis of the right and
left ventricles without the need for any geometric assump-
tions or modeling . In fact, NMR imaging has been found
useful for the accurate determination of right and left ven-
tricular volumes in normal subjects and patients with left
ventricular disease (15-19). The purpose of this study was to
test the utility of NMR imaging for the determination of right
and left ventricular volumes in patients with varying degrees
of right ventricular dysfunction and failure secondary to
primary pulmonary hypertension .
To assess the potential utility of quantitative NMR imag-
ing in the evaluation
of
patients with pulmonary hyperten-
sion, we tested the accuracy of
volume determination by
spin echo NMR imaging in water-filled latex balloons and
excised bovine right and left ventricular casts, as well as in
clinically healthy subjects and patients with primary pulmo-
nary hypertension
.
Methods
All NMR imaging procedures were performed with a
Philips Gyroscan S5 operating at 0.5 tesla with 3-mteslalcm
gradients and the R5 .5 cardiac software package .
Phantom Study
Cylindtic
water-filled
latex balloons . These were placed
near the center of a standard body imaging coil within the
NMR imager . With the long axis of the balloons oriented in
the left to right direction, a series of single spin echo images
(repetition time [TR] 750 ms; echo time [TE] 30 ms; slice
thickness 6 mm ; interstice gap I mm ; number of
excitations
2 ; 256 x 256-pixel matrix) were obtained in sagittal section
(normal to the balloon long axis). Images from each slice
were laser-printed onto conventional radiographic film with
an internally generated linear measuring scale on each
image. The perimeter of the balloon cavity from each slice
was hand-planimetered and digitized to an Apple Macintosh
II computer. The area of each perimeter was calculated by
using Image, version 1 .15 (National Institutes of Health) .
The balloon volumes were computed by using Simpson s
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role . in
which the volume of the phantom equals the sum of
the area of each slice times the thickness of each slice plus
the interstice gap .
The true volume of each balloon was determined by water
displacement . Balloon volume as determined from quantita-
tion of NMR images was compared with that obtained by
water displacement by use of linear regression analysis .
Freshly excised beef hearts. These were obtained from a
local slaughterhouse and prepared by filling both the right
and the left ventricular cavity with cotton gauze to retain
their shape. Hearts were then fixed in 10% formalin for 3
days . After fixation, the cotton gauze was removed and the
ventricular cavities were casted with silicone rubber (HS II
RTV, Dow Coming).
Fixed tasted hearts were placed in anatomic position
within the center of a standard body coil . After obtaining a
coronal scout image to localize anatomic landmarks, single
spin echo images (TR 750 ms
; TE 30 ms
; slice thickness
8 mm ; interstice gap I mm; two excitations per pixel ; 256 x
256-pixel matrix) were obtained from cardiac apex to base in
a series of planes at a right angle to the long axis of the left
ventricle (short-axis projection) . Images from each slice
were laser-printed onto conventional radiographic film, with
an internally generated linear measuring scale on each
image. To maximize contrast between the endocardial bor-
der and the ventricular cavities, window width was set at
2,000; window level was chosen between 500 and 600 . The
perimeter of the right and left ventricular cavities from each
slice were manually traced and the tracings digitized and
entered on an Apple Macintosh H computer. The area of
each perimeter was calculated by using Image, version 1 .15 .
The volume of reh right and left ventricle was computed by
Simpson's rule. i n which the chamber volume equas the
sum of the areas of each slice times the sum of the slice
thickness plus the interstice gap.
The ventricular free walls were incised and the latex casts
removed . Their actual volume was detemlined by water
displacement. Right and left ventricular volumes as deter-
mined from NMR images were compared with the results
obtained by water displacement by use of
linear regression
analysis.
Clinical Study
Normal subjects. Ten adult volunteers (nine men and one
woman ; mean age 31 .5 years; range 25 to 39) in good health
with no history of cardiac or pulmonary disease were studied
by electrocardiographically (ECG) gated, cycled multislice,
multiphase spin echo NMR imaging and conventional two-
dimensional echocardiography
. Echocardiographic exami-
nation was performed with a Hewlett-Packard model
77020AC system.
Patients with pulmonary hypertension . Eleven patients
(10 female and I male ; mean age 24 .9 ± 12 .9 years, range 5.1
to 49.9) with unexplained pulmonary hypertension referred
between November 1989 and September 1990 as possible
1510 OOXT ET AL .
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lung transplantation candidates were studied. Two of these
patients were <8 years of age . The diagnosis of primary
pulmonary hypertension was subsequently made if pulmo-
nary artery pressure at rest was elevated, pulmonary wedge
pressure was normal and the following criteria were met :
1) no cause for pulmonary hypertension based on the pa-
tient's history or physical examination ; 2) no parenchymal
changes on plain film X-ray examination of the chest ;
3) negative pulmonary perfusion scan
; 4) no evidence of
obstructive or marked restrictive changes on pulmonary
function examination ; and 5) absence of a left to right shunt
as documented by left ventriculogram
. The mean (±SD)
pulmonary artery pressure in these patients was 54 ±
4 mm Hg . The examiners conducting the nuclear magnetic
resonance tests knew that the patients had increased pulmo-
nary artery pressure but had no knowledge of the results of
other tests, including the results of current or previous
cardiac catheterization. Cardiac catheterization was per-
formed on all patients within I week of their NMR exami-
nation. All subjects gave informed consent under guidelines
of the Institutional Review Board .
Clinical imaging protocol. The two children <8 years of
age were sedated with oral chloral hydrate (100 mg/kg body
weight) before examination . No other patient or normal
subject was premedicated before examination.
Cardiac NMR examination began with a coronal scout
image to identify thoracic landmarks. From a scout image
containing the cavity of the left ventricle, ECG-gated, cycled
multislice, multiphase spin echo acquisitions were obtained
from cardiac apex to base in short-axis section . This acqui-
sition technique provides a matrix of anatomic slices, each
obtained at multiple phases of the cardiac cycle . The number
of slices obtained per acquisition is determined by the heart
rate at rest . Therefore, two to three nonoverlapping image
acquisitions were required to cover the entire ventricular
myocardium . Images from each anatomic slice were ob-
tained at equally spaced time points within the cardiac cycle,
starting 15 ms after the R wave (end-diastole) .
This technique allows acquisition of up to eight time
points within the cardiac cycle. Mean (±SD) ECG-gated
repetition time in the normal subjects was 884 *_ 153 ms .
Thus, for eight time points within the cardiac cycle, the
mean temporal resolution of acquisition in the control sub-
jects was 111 ± 19 ms . In contrast, in the patients with
primary pulmonary hypertension, the mean repetition time
was 651 m 117 ms, corresponding to a mean temporal
resolution of 81 ± 15 ms
. The selected echo time for all
examinations was 30 ms. In the study of the first two patients
with primary pulmonary hypertension, a slice thickness of 10
and 14 mm, respectively, was used ; in the remaining nine
patients and in all normal subjects a slice thickness of 10 mm
was used. The interslice gap utilized in the first two patients
was 2 and 3 mm, respectively
; in the remaining nine patients
and in all normal subjects I-mm slice gaps were used . Each
image was reconstructed from the average of two excitations
per pixel in a 256 x 256 image matrix .
Clinical image analysis. Right and left ventricular end-
diastolic and end-systolic volumes were obtained by analysis
of hand-traced perimeters of the ventricular cavities . Clinical
cardiac images were analyzed on a slice by slice basis . For
each slice, the end-diastolic image was the first in the
acquisition series, obtained 15 ms after the peak of the ECG
R wave. The end-systolic phase was assumed to correspond
to the image in which the ventricular cavity area was found
to be smallest . End-diastolic and end-systolic images from
each slice were laser-printed onto conventional radiographic
film, with an internally generated linear measuring scale on
each image. In a manner analogous to that of Suzuki et al .
(20), the window level was set at 30% of the window width,
maximizing the contrast between ventricular myocardium
and the signal void of the ventricular cavity . The internal
border of the right and left ventricular cavities from both the
cnd-diastolic and end-systolic images were traced by hand .
Differentiation between the cavities of the atria and ventri-
cles was made by visual comparison, with display of all
images at each slice level in tine loop mode . Atria) contours
moved paradoxically with respect to those of the respective
ventricles when viewed temporally from ventricular end-
diastole to end-systole.
In a similar manner, the wall of the ventricular cavity was
differentiated from adjacent flow artifacts by visual inspec-
tion of changes in local signal intensity viewed in tine mode .
The increased signal intensity of flow artifacts was depen-
dent on the phase of the cardiac cycle in which it was
visualized . In contrast, myocardial signal intensity roughly
remained unchanged . Thus, this technique allowed visual
differentiation of flow artifacts from the endocardial border
of the ventricles . Left ventricular papillary muscles were
excluded from the ventricular cavity area obtained by
planimetry . Tracings were digitized to an Apple Macintosh
II computer. The area of each perimeter was calculated by
using Image, version 1 .15 . Right and left ventricular end-
diastolic and end-systolic volumes were computed by using
Simpson's rule, by summing the volumes of each slice (slice
area times the sum of the slice thickness plus the interstice
gap) containing the left or the right ventricle .
The mean value (tSD) for right and left ventricular
end-diastolic and end-systolic volumes was computed for all
normal subjects and patients with primary pulmonary hyper-
tension. All results were divided by the individual's body
surface area to yield right and left ventricular end-diastolic
and end-systolic volume indexes. Right and left ventricular
stroke volume indexes and ejection fractions were computed
from end-diastolic and end-systolic volume indexes. The
ratio of right to left ventricular stroke volume index was
computed for the normal subjects and the patients with
primary pulmonary hypertension . Differences between com-
puted values were tested by means of the Student unpaired
t test. Differences were judged to be significant at p < 0 .05 .
Imerobserver variability
was determined by comparing
ventricular volumes measured by two different observers
(L.M .B., J .K
.).
lntraobserver variability was determined by
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Figure t
. Correlation between the volume of latex water-filled
balloons as computed from nuclear magnetic resonance (NMR)
images with actual (TRUE) volume (VOL) as determined by water
displacement.
comparison of ventricular volumes as determined by one
observer on two separate Occasions 6 weeks apart . Analysis
of images by the second observer and the second analysis by
the first observer were performed on images printed at the
same window and level settings. The results of these analy-
ses were expressed as the mean error .
Results
l'bantomstudios. Regression analysis of the estimation of
the volume of water-filled latex balloons as determined by
analysis of NMR images compared with that determined by
water displacement yielded a strong correlation between
measured and actual volume (Fig . I). The volume of the
balloon phantoms as estimated by NMR imaging was slightly
greater than that obtained by water displacement .
Regression analysis of the estimation of the volume of
casts of right and left ventricles of excised beef hearts as
determined by analysis of NMR images compared with that
determined by water disaplacement again yielded a strong
correlation between meow and actual volume (Fig. 2).
The volume of the ventricular casts as estimated by NMR
Figure 2
. Correlation between the volume of bovine right and left
ventricular casts as computed from nuclear magnetic resonance
(NMR) images with actual (TRUE) volume (VOL) as determined by
water displacement.
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L-
Fgure 3. Transverse images at the Level
of
the pulmonary arteries
from a patient with primary pulmonary, hypertension. Repetition
time gated to the electrocardiogram 710 ms ; echo time 30 nns; slice
thickness 8 mm. A, The main and left pulmonary arteries are dilated .
There is increased signal intensity resultingfrem slow blood flow . B,
Image obtained I cm caudad to A. The main and right pulmonary
arteries are dilated . Again, note the increased signal intensity in the
right and descending left (arrew) pulmonary arteries .
imaging was again higher than that obtained by water dis .
placement .
Normal subjects
. Results of echocardiographic examina-
tion of the normal subjects were unremarkable
. No intra-
cardiac or great artery abnormality was demonstrated . Ven-
tricular wall motion and cardiac valve function were judged
to be normal in all cases .
Patients with p nuu y hyper ion
. Complete NMR
examinations required 45 to 60
min/patient.
Nuclear mag-
netic resonance images of the patients with primary pulmo-
nary hypertension showed dilation and increased signal
intensity in the main and right and left pulmonary arteries in
all I I patients throughout the cardiac cycle (Fig . 3) . In only
one patient was the systolic convexity of the interventricular
septum maintained toward the right ventricle. In the other 10
patients, it was either straightened or bowed toward the left
ventricle during systole (Fig . 4). The right atrium was dilated
in all I I patients (Fig. 5).
Right aid left venricular volumes. The mean right and
left ventricular volumes in normal subjects and patients with
primary pulmonary hypertension as determined by analysis
of NMR images are shown in Table 1 . Right ventricular
end-diastolic volume index (121 ± 45 mVm2
) and right
ventricular end-systolic volume index (70
.1 ± 41 .6 mIm2) in
the patients with primary pulmonary hypertension were
significantly greater than values in the normal subjects
1 51 2
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Figure 4. Short-axis images at the mid-right ventricular level in a
patient with primary pulmonary hypertension . Repetition time gated
to the electrocardiogram 710 ms; echo time 30 ms; slice thickness
10 mm . A, End-diastolic image demonstrates marked right ventric-
ular dilation and straightening (arrows) of the interventricutar sep-
tum . B, Same patient, same level ; end-systolic image demonstrates
bowing of the interventricular septum (arrows) toward the left
ventricle . Note the increased signal intensity within both the right
and left ventricular chambers
.
(67 .9 m 13.4 and 27.9 ± 7.5 mllm2, respectively, p = 0
.002
and 0.005, respectively). Left ventricular end-diastolic vol-
ume index in the patients with pulmonary hypertension
(44.9 ± 9.7 ml/m2) was significantly less than that in the
normal subjects (68.9 ± 13.1 ml/m2 , p < 0.001). There was
no significant difference between left ventricular end-systolic
volume in the patients with primary pulmonary hypertension
(24 .4 ± 8.6 mllm2) and that in the normal subjects (27.1 ±
7
.8 mllm2 , p = 0.452).
The mean right ventricular stroke volume index
in
patients with primary pulmonary hypertension (50.9
27.8 mllm2) was elevated, but was not significantly greater
JACC Vol. 19 . No. 7
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Figure S. Transverse image at the level of the tricuspid valve in a
patient with primary pulmonary hypertension. Repetition time gated
to the electrocardiogram 50D ms; echo time 30 ms ; slice thickness
10 mm. The marked right atrial enlargement (RA) as well as
flattening of the interventricular septum (arrows) are sho •vn. Note
the increased thickening of the right ventricular free wall .
than that in the normal subjects (40 .1 ± 9 .7 ml/m', p =
0.258). Left ventricular stroke volume index in patients
with primary pulmonary hypertension (20.5 ± 7.4 mUmZ)
was significantly less than that in the normal subjects (41 .8
10 .9mUmZ , p < 0.001).
Right ventricular ejection fraction in patients with pri-
mary pulmonary hypertension (0.43 ± 0.21) was significantly
Table 1 . Comparison of Right and Left Ventricular Volumes
in 10 Normal Subjects and I I Patients With Primary
Pulmonary Hypertension
'Right and left ventricularejection fractions are dimensionless (expressed
as a fraction). }This wIk is dimensionless (expressed as a ratio)
. Data are
presented as mean values 3 SD. LVEDVI = left ventricular
end-diastole
volume index; LVEF = left ventricular ejection fraction (left ventricular
stroke volume indexdefi ventricular enddiastdk volume index) ; LVESVI =
left ventricular end-systoae volume index ; LVSVI = left ventricular stroke
volume index (left ventricular end-diastolic volume index - left ventricular
end-systolic volume index); PPH = primary pulmonary hypertenaiaa ;
RVEDVI = right ventricular end-diastolic volume index ; RVEF = right
ventricular ejection fraction (right ventricular stroke volume indeeinght
ventricular end-diastolic volume index) ; RVESVI = right ventricular ead-
systolic volume index: RV/LVSVI = right to left ventricular stroke volume
index ratio; RVSVI = right ventricular stroke volume index (right ventricular
end-diastolic volume index - right ventricular end-systolic volume index)
.
Normal Subjects
(my.?)
patients With
PPH
(rpm') p Value
RVEDVI 67.9 < 13 .4 121 3 45 0.002
RVESVI 27.937 .5 70.1±41.6 0.005
RVSVI 40.1 x 9 .7 50.9 3 27.8 0.258
RVEF' 0.59*--0 .09 0.43±0 .21 0.039
LVEDVI 68.9 3 13 .1 44.9 3 9 .7 <0.001
LVESVI 27.1 3 7 .8 24.4 11 .6 0.452
LVSVI 41.8 : 10.9 20.5 ± 7 .4 <0.001
LVEF' 0 .60±0.11 0.46'-0 .15 0.018
RV/LVSVI0 0 .97 ± 0.1 3.17 ± 2 .3 0.097
JACC Vol . 19.
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Table 2. Intro- and Inlerobserver Variabil
ity evaluation of ventricular function in view cf its noninvasive
%E-
nature and ability to display
tomographic sections of the
RUEDVI RVESVI LVEDVI LVESVI
heart in arbitrary planes .
Accuracy of the NPSJR technique: eomparison with previous
studies . Volumetric analysis of NMR images of water-filled
latex balloons and silicone casts of bovine right and left
ventricles shows good correlation with water displacement
volumes. In the normal subjects and patients
with primary
pulmonary hypertension, ventricular end-diastole
is ac-
quired 15 ms after the R wave on the ECG . The image of the
Abhreviauons as in Table I .
heart in which the ventricular area is smallest was used to
approximate end-systole . The limited temporal resolution of
the cycled multislice, multiphase spin echo acquisition algo-
rithm results in overestimation of the end-systolic volume
less than that in the normal subjects 10 .59 ± 0.09, p = 0
.039)
.
determination. This limitation
in the choice of the true
Furthermore, left ventricular ejection fraction in these pa-
end-systolic image introduces an unknown error into the
tients (0
.46
0 0.15) was also significantly less than thLt in the
computation of right and left ventricular stroke volumes and
normal subjects (0.60 *_ 0.11, p = 0 .018) .
ejection fractions. Thus, to estimate the accuracy of our
The ratio ofright to left ventricular stroke volume indexes
volume computation, we compared the results of our normal
in the normal subjects was 0.97 ± 0
.1, not significantly right and left ventricular volumes and derived volume com-
different from the expected ratio of I (p = 0 .732) . In
potations with those of other workers (Table 3) .
indexes the
contrast, the ra
ati
nt right to left
primary pulmonary
ay
stroke
tenension
volume
Using a technique of partial flip angles, short repetition
)
w
(3
.17
(7 ±
2
.3
was
significantly greatei
than
that in the normal
time and gradient-recalled echoes ("tine NMR"),
Sechtem
subjects (p = 0.007). The increased ratio in patients with et al
. (17) obtained sectional images of normal hearts in 16 to
primary pulmonary hypertension may easily
be understood 29 time frames for each ECG RR variable . Mogelvang et al.
on the basis of the significant amount of tricuspid regurgita-
(16) utilized conventional spin echo image acquisition tech-
tion present in these patients .
niques to study normal hearts and the heart of patients with
Intraobserver and interobserver differences . Intra- and
myocardial infarction and pulmonary heart disease . These
interobserver differences in the measurement of right and
workers performed two NMR acquisitions for each tomo-
left ventricular volumes in normal subjects and patients with
graphic section; end-diastole was obtained 40 ms after the R
primary pulmonary hypertension are given in Table 2. For
wave on the ECG and end-systole at the T wave on the ECG .
the normal subjects, the mean intraobserver error in calcu-
Both Sechtem et al. (I7) and Mogelvang et al . (16) computed
lation of right ventricular end-diastolic and end-systolic
ventricular volume by using Simpson's rule .
volume indexes was S.1% and 3 .7%, respectively . In these
Ferlinz ci al . (9) computed right ventricular volume from
subjects, the mean interobserver error in right ventricular
biplane cineangiograms of the right ventricle in patients with
end-diastolic and end-systolic volume indexes
was 6.1% and
and without coronary artery disease. Acquiring images at
3 .6%, respectively . The mean intraobserver error in the
100 cine frames/s, the end-diastolic and end-systolic
images
calculation of left ventricular end-diastolic and end-systolic
were chosen as those with the largest and smallest areas,
volume indexes in the normal subjects was 3.5% and 11 .4%,
respectively. Using biplane cineangiograms of the left ven-
respectively ; the mean interobserver error for these values
tricle obtained at 60 cine frames/s, Wynne et al . (3) com-
was 4 .2% and 10.9%, respectively .
puted left ventricular volume in patients without cardiac
The mean inlraobserver error in the calculation of right
disease. The selected end-diastolic and end-systolic frames
ventricular end-diastolic and end-systolic volume indexes in
had the greatest and least area, respectively.
Both Ferlinz et
the patients with primary pulmonary hypertension was al. (9) and Wynne et al.
(3) computed ventricular volumes
10 .3% and 9.8%, respectively, and the mean interobserver
from geometric, models utilizing the area of radiographic
error was 5 .8% and 11 .4%, respectively . The mean intraob- projections of the right and left ventricles .
server error in the calculation of left ventricular end-diastolic The lack of appanmt difference between normal ventric-
and end-systolic volume indexes in these patients was 11 .8% ular volumes as obtained in this study and those in other
and 11
.7%, respectively, and the mean interobserver
error
studies suggests that the limited
temporal resolution of
was 5 .7% and 7 .1%, respectively . cycled multislice, multiphase spin echo acquisition may not
be significant. Thus, the added temporal resolution of clue
NMR imaging may not necessarily be required for estimating
Discussion
ventricular volume.
Advantage of NMR examination . Nuclear magnetic reso- Intracavitary flow artifacts were analyzed by visualizing
nance (NMR) imaging is particularly valuable for the clinical the time dependence of their signal intensity, as well as by
Normal sah)ecls
Intraoburver
51 3 .7 3 .5 11 .4
hu-beeer
6 1 3 .6 42 10.9
Patients with primary
pulmonary hypertension
Inlrno bsnrver
Intembserver
10 .3
5 .s
9.8
u .4
11 .8 II7
5,7
7 .1
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Table 3. Comparison of Normal Right and Left Ventricular Volumes in the Current and
Other Series
'Data are presented as mean values (range) . All other data are presented as mean values ± SD . tRight and left
ventricular ejection fractions are dimensionless )expressed as a fraction) . Ref = reference ; other abbreviations as in
Table 1 .
taking advantage of visual integration to gain confidence in
the choice of edge identification .
The infra-and interobserver
errors in volume calculation
were low . Because the area of each slice at end-systole is
smallest, even small variations in the chamber edge tracings
often result in a cumulative error in the sum of all the slices
.
The intra- and interobserver errors were higher in the
patients with primary pulmonary hypertension than in the
normal subjects, possibly because of the increased incidence
of slow flow artifacts in those with primary pulmonary
hypertension .
Findings in the NMR examination of patients with primary
pulmonary hypertension. As reported elsewhere (21), signal
intensity in the main and right and left pulmonary arteries in
all 11 patients with primary pulmonary hypertension was
increased throughout the cardiac cycle . Furthermore, the
entire vsuzlized pulmonary artery in these patients was
dilated . The inter veniricular septum was bowed toward the
left ventricle in 10 of I I of these patients, indicating their
right ventricular pressure overload. Right atrial dilation was
seen in all 11 patients, consistent with significant tricuspid
regurgitation or decreased right ventricular compliance, or
both .
Right and left ventricular volume determination
. In lhfs
study, we found that patients with primary pulmonary hy-
pertension maintain their right ventricular cardiac output as
measured by the right ventricular stroke volume index
(50 .9'- 27 .8 ml/m2 in those with primary pulmonary hyper-
tension vs. 40.1 ± 9 .7 ml/m2 in normal subjects, p - 0 .258).
However, in the setting of increased afterload (elevated
pulmonary resistance) and the volume loading caused by
significant tricuspid regurgitation, both right ventricular end-
diastolic (121
.
45 ml/m 2 in those with primary pulmonary
hypertension vs . 67 .9 ± 13 .4 mlm2 in normal subjects, p =
0.002) and end-systolic (70.1 ± 41 .6 ml1m'- in those with
primary pulmonary hypertension vs . 27.9 ± 7 .5 ml/m' in
normal subjects, p = 0
.005) volume indexes are significantly
increased . The markedly increased right ventricular volume
is maintained at the expense of the left ventricular end-
diastolic volume ; that is, as the right ventricle dilates, the
interventricular septum straightens and then bows toward
the left ventricular chamber . In this way, for any right
ventricular stroke volume, left ventricular end-diastolic vol-
ume may be limited in patients with primary pulmonary
hypertension (44 .9 ± 9.7 vs. 68.9 ± 13 .1 mt/m2 in the normal
subjects, p < 0.001) . Unless left ventricular myocardial
failure supervenes, left ventricular end-sysbdic volume re-
mains unchanged
. Thus, maintenance of right ventricular
cardiac output is at the expense of left ventricular cardiac
output.
Patients with primary pulmonary hypertension and those
with other forms of pulmonary hypertension are unable to
maintain left ventricular filling because of increased pulmo-
nary resistance, as well as possible mechanical interference
with left ventricular geometry caused by the posterior bow-
ing of the interventricular septum
. The former results in
decreased effective right ventricular output ; the latter is
manifested by the marked increase in the right ventricular
end-diastolic volume index.
Limitations. Computation of right and left ventricular
volumes in patients with primary pulmonary hypertension
was performed by using the same criteria for choice of
end-diastolic and end-systolic images and technique of image
printing and analysis as in normal subjects. However, there
is no reference standard for quantitation of right ventricular
volume in patients with primary or other forms of pulmonary
hypertension
. Although the techniques of image acquisition
and volumetric analysis used in this study were validated in
phantoms, excised ventricular casts and normal subjects,
results of the analysis of the images from patients with
primary pulmonary hypertension contain some systematic
inaccuracy. This problem may be addressed by further
investigation comparing the use of gradient reversal versus
Normal Subjects
Current
(mum')
(a = 10)
Ref 17
(ml/m')
(n
= 10)
Ref 16
ImUm')'
(n = 5)
Ref 9
( .we)
in = 8)
Ref 3
(mum')
in = 17)
RVEDVI 67.9 x 13.4 63 0
9
9005-108) 76t 11
RVESVI
27
.9 *- 7
.5 22 *_ 6 46(24-65) 26 *- 6
RVSVI 40.1 : 9.7 41 0 6 44(36-54) 50 *_ 6
RVEF( 0.59 ± 0.09 0.66 *- 0.06
LVEDVI 68.9 ! 13.1
57 t 9 66(46-821 72 ± 11
LVESVI 27.1 ± 7.8 17 ! 4 2102-30) 20t8
LVSVI 41 .8 s 10.9 40 0 6 45(35-52) 51 m 10
LVEFt 0.60 *- 0.11 0.72 ± 0.08
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cycled multislice, multiphase spin echo image acquisition in
patients with right ventricular dysfunction.
Conclusions
. Spin echo NOR imaging may he used to
quantitate right and
left ventricular volumes in patients with
normal Paid decreased ventricular function. The results may
be useful in determining the optimal timing For
various
medical, interventional or surgical therapeutic regimens .
We thank Ruthd]cn Fried . MD fa her time and advice in the tIv,eirtp of the
eapedmenml protocol and analysis of the data .
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